Abstract. Allergic rhinitis (AR) is a common chronic inflammatory condition. It has been previously indicated that oxidative stress may contribute to allergic inflammation, including AR. Although molecular hydrogen (H 2 ), an antioxidative agent, has been effective in treatment of numerous oxidative stress-associated diseases, the effect of inhalation of a high concentration of H 2 on AR remains unknown. In the current study, female BALB/c mice were sensitized with ovalbumin (OVA) followed by intranasal OVA challenge to establish an animal model of AR. Mice were subjected to exposure to H 2 and the inert gas helium at different frequencies and durations. The frequencies of sneezing/scratching and the body weights of mice were recorded. Histological analysis and multiplex cytokine assays were performed to evaluate the effects of H 2 on AR. Challenge with OVA induced significant nasal mucosa inflammation. H 2 inhalation reduced the infiltration of inflammatory cells into mucosa and lowered the levels of interleukin (IL)-5, IL-13 and monocyte chemoattractant protein-1 in serum. H 2 inhalation slightly increased the level of interferon-γ, however the difference was not statistically significant. Treatment with H 2 limited the weight increase in healthy mice and reversed the weight loss in mice with AR. Furthermore, H 2 inhalation induced a therapeutic effect on AR in a dose-dependent manner. The current results demonstrate that H 2 may demonstrate a therapeutic value for allergic diseases.
Introduction
Allergic rhinitis (AR) is a common chronic inflammatory condition of the upper airways that affects 10-40% of the global population (1, 2) . In China, it has been reported that 8.7-24.1% of the population suffers from AR (3). The differences in incidence may be due to region-specific environmental conditions. As a major public health problem, AR affects the quality of life, and imposes a financial and social burden (4) . The current therapeutic strategies for AR include allergen avoidance, symptomatic pharmacotherapy and allergen-specific immunotherapy (5) . While these strategies are effective, the majority of them require lifelong use and have a number of side effects (4) . These medications, such as nasal decongestants, H1-antihistamines, and nasal corticosteroids can relieve nasal symptoms, although not completely, in a considerable number of patients (4) .
An increasing number of studies have indicated that molecular hydrogen (H 2 ) induces beneficial effects in numerous oxidative stress-associated diseases (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . It has been demonstrated that oxidative stress contributes to allergic inflammation, including asthma and AR (6) (7) (8) . As an antioxidative agent, H 2 mediates therapeutic benefits in different systems by selectively scavenging free hydroxyl radicals and reactive oxygen species (ROS) (8) (9) (10) . Inhaled H 2 can prevent or reduce pathological or biochemical alterations in cerebral infarction (10) , lung graft injury (11) , hepatic injury (12) , intestinal ischemic injury (13) , cisplatin-induced nephrotoxicity (14) , cutaneous anaphylaxis (15) , general inflammation (16) , and asthma (17) . Recently, it has been demonstrated that H 2 -rich saline attenuates allergic inflammation and suppresses the release and activation of eosinophils in AR (8, 18) . Mast cells are the key effector cells in the immunoglobulin E (IgE)-mediated allergic reactions, and H 2 can attenuate the high-affinity IgE receptor-mediated signal transduction (15) . However, to the best of our knowledge, it remains unclear whether H 2 induces therapeutic effects in nasal inflammation and whether high concentrations of H 2 could be applicable to the treatment of AR. AR is a chronic inflammatory condition associated with T-helper cell (Th)1/Th2 imbalance. In the present study, the beneficial effects of small molecule gases, H 2 and helium (He), were compared in a murine model of AR. The expression levels of Th1/Th2 cytokines in the serum were also studied using a multiplex cytokine assay. The current study demonstrated that inhalation of H 2 alleviated nasal allergic inflammation and reversed the weight loss caused by AR in mice.
Beneficial effects of hydrogen gas inhalation on a murine model of allergic rhinitis

Materials and methods
Animals.
A total of 106 female BALB/c mice (age, 6-8 weeks; weight, 19-22 g) were purchased from Shanghai Laboratory Animals Center (Shanghai, China) and housed in a temperature-controlled room (23±2˚C) with 55±10% humidity under a 12-h light/dark cycle. The mice had ad libitum access to standard rodent chow and tap water. All of the experimental procedures performed on mice were in accordance with the Guide for the Care and Use of Laboratory Animals of Tongji University and approved by the Ethics Committee of Laboratory Animal Center of Tongji Universtiy (Shanghai, China).
AR model. The murine model of AR was established as described previously with minor modifications (19) . Briefly, the mice were sensitized by intraperitoneal injection of 40 µg ovalbumin (OVA; grade V; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) used in conjunction with 2 mg aluminum hydroxide adjuvant diluted in normal saline (NS) on days 0, 2, 4, 6, 8, 10 and 12. Starting on day 13, the mice were intranasally challenged with 10% OVA (10 µl/nostril) once a day for 7 consecutive days. The control mice were sensitized with aluminum hydroxide diluted in NS alone and challenged with NS.
Gas inhalation and study groups. Hydrogen gas was produced using the AMS-H-01 hydrogen oxygen nebulizer (Asclepius Meditec Co., Ltd., Shanghai, China), which simultaneously produced oxygen by electrolyzing water (vol/vol: 66.7% H 2 and 33.3% O 2 ). Mice were housed in a standard cage with food and water available ad libitum and the cage was placed in a semi-closed metal box. The cage was supplied with H 2 mixture, in which the volume of oxygen was automatically adjusted to 21% by controlling nitrogen (N 2 ) input. The final volume fraction of H 2 mixture in the cage was ~40% H 2 , 21% O 2 , and 39% N 2 . In the inert gas experiments, the mice were subject to He inhalation. These mice were kept in a cage supplied with a He mixture (He/O 2 /N 2 : 40/21/39%).
A total of 60 female BALB/c mice were randomly divided into six groups of 10 mice each, as follows: i) Control group, mice were exposed to ambient atmosphere; ii) control + H 2 group, mice inhaled the H 2 mixture for 4 h daily for 7 consecutive days before each intranasal NS challenge; iii) control + He group, mice inhaled the He mixture for 4 h daily for 7 consecutive days before each intranasal NS challenge; iv) AR group, AR mice were exposed to ambient atmosphere; v) AR + H 2 group, AR mice inhaled the H 2 mixture for 4 h daily for 7 consecutive days before each intranasal OVA challenge; and vi) AR + He group, AR mice inhaled the He mixture for 4 h daily for 7 consecutive days before each intranasal OVA challenge (Fig. 1) . The body weight of the mice was measured on days 0, 12 and 20.
In dose-effect experiments, 4 control mice were exposed to air and 42 AR mice (7 groups; 6 AR mice in each group) were exposed to the H 2 mixture for 0, 0.5, 1 or 2 h each time, once or twice a day, for 7 consecutive days.
Assessment of nasal symptoms. The severity of nasal allergic symptoms was determined by measuring the frequencies of sneezing and nose-scratching for 10 min after the last intranasal OVA/NS challenge. In order to eliminate bias, mice were subjected to an observation in a single-blinded manner by examiners.
Serum multiple cytokine assay. Mice were euthanized with an intraperitoneal overdose of sodium pentobarbital (100 mg/kg bodyweight) 24 h after the last intranasal challenge. Blood was collected from the retro-orbital sinus and centrifuged at 1,000 x g for 10 min at 4˚C. Serum was collected and stored at -80˚C for cytokine assays. Quantitative assays for multiple cytokines were performed using the commercially available Mouse Cytokine 23-Plex Immunoassay (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocol. The 23-Plex Immunoassay mainly detects Th1 and Th2 cytokines.
Tissue preparation. Decapitated mouse heads were fixed in 4% paraformaldehyde for 48 h at room temperature, decalcified in 10% EDTA for 4-5 weeks, and embedded in paraffin. The embedded nasal cavities were cut into 4-µm-thin sections in the coronal direction. The sections were stained in hematoxylin solution for 5 min and stained in eosin-phloxine solution for 1 min at room temperature. Images were captured under optical microscopy at x400 magnification.
Statistical analysis. Statistical analyses were performed using SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). All data are presented as the mean ± standard error of the mean. Statistical analyses of data were performed using one-way analysis of variance followed by Least Significant Difference post hoc test for comparisons among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Hydrogen inhalation alleviates nasal allergic symptoms.
The murine model of AR established via sensitization and challenge with OVA in the present study, has been previously used to investigate the pathological and physiological mechanisms of AR (19) . Allergic symptoms, including sneezing and nasal itching, were assessed based on behavioral observations in mice. The current study examined the effects of H 2 or He inhalation on allergic symptoms. As shown in Fig. 2 , the numbers of sneezing and nose scratching events within 10 min following the last OVA challenge in the AR group (29.5±2.9 and 59.5±7.6, respectively) significantly increased compared with the control group (4.8±0.6 and 31.2±2.6, respectively, P<0.001), the control + H 2 group (5.2±1.2 and 26.2±2.6, respectively, P<0.001), and the control + He group (4.2±0.9 and 29.3±3.2, respectively, P<0.001). In the AR + H 2 group, the frequencies of sneezing and scratching (15.4±1.2 and 40.8±4.5/10 min, respectively) decreased significantly compared with the AR group (P<0.001 and P=0.025, respectively). He inhalation did not markedly alter the frequencies of sneezing and nasal itching in the AR+He group compared with the AR group (25.8±1.9 and 60.9±9.8/10 min; P=0.117 and P=0.864, respectively). Additionally, H 2 and He inhalation pretreatment in the control mice exhibited no significant effects on nasal symptoms compared with the control group. These results indicate that H 2 inhalation, rather than He, could alleviate nasal allergic symptoms in OVA-challenged mice.
H 2 inhalation inhibits allergic inflammation of nasal mucosa.
Sensitization and challenge with OVA can induce significant allergic inflammation in mouse nasal mucosa (Fig. 3A) . The ciliated epithelium was damaged and discontinuous in the AR group (Fig. 3B) . Numerous inflammatory cells, including lymphocytes and eosinophils, were observed in the submucosa. In the AR + H 2 group, the elevated infiltration of inflammatory cells into the mucosa and submucosa was inhibited compared with the AR group (Fig. 3D) , and the integrity of the mucosa was protected. No apparent difference was observed between the AR and AR + He groups ( Fig. 3B and F ). These results indicate that H 2 inhalation pretreatment could reduce the inflammatory injury of nasal mucosa.
Hydrogen inhalation decreases cytokine and chemokine levels in serum. Th2 cytokines, interleukin (IL)-4, -5 and -13, serve roles in airway allergic inflammation, including AR and asthma (18) . The present study investigated the effects of H 2 inhalation on the expression of several cytokines and chemokines in serum using the Cytokine 23-Plex Immunoassay. Expression levels of IL-5, IL-13 and monocyte chemoattractant protein-1 (MCP-1) were significantly increased in the AR group compared with the control. H 2 inhalation significantly decreased the expression levels of these cytokines and chemokines (Fig. 4A-C) . Th1/Th2 immunological imbalance is involved in the pathophysiological process of allergic inflammation (18) . The expression level of interferon-γ (IFN-γ) , a Th1 cytokine, decreased in the AR group compared with the control, and H 2 inhalation increased the level of IFN-γ; however, these differences were not statistically significant. Furthermore, no significant difference was found between the AR and AR + H 2 groups (Fig. 4D ).
Dose-effect of H 2 inhalation on AR.
To investigate the dose-effect association between H 2 inhalation and allergic symptoms, different inhalation frequencies and durations were used in the murine models of AR. The frequency of sneezing decreased following administration of H 2 in a dose-dependent manner (Fig. 5A) . The frequencies of sneezing following 2-h exposure once a day (17.5±6.7/10 min) and 2-h exposure twice a day (16±1.4/10 min) significantly decreased compared with the AR group (40.7±6.4/10 min; P=0.037 and P=0.027, respectively). Frequencies of scratching were lower in the twice daily H 2 administration groups compared with once daily H 2 administration groups, regardless of the duration of inhalation (Fig. 5B) . While, only the frequencies of scratching following a 1 and 2-h exposure twice a day (48.3±6.0 and 53.0±1.5/10 min, respectively) were significantly decreased compared with the AR group (83.0±19.1/10 min; P=0.028 and P=0.045, respectively). These results indicated that H 2 inhalation for 2 h twice a day exhibited a significant therapeutic effect on AR in the mouse models used in the present study. H 2 inhalation regulates mice weight. Our earlier work indicated that AR could limit the increase in mice body weight (data not published). In the present study, the baseline weight in all groups was comparable. During the modeling phase, there was no significant difference in weight gain between mice after OVA-sensation or OVA-challenge alone, compared with the control (Tables I and II, respectively ). After the model had been successfully established, the weight gain in the AR group was 0.95±0.20 g, which was lower than in the control group (1.57±0.41 g; P=0.081; Table III ). Furthermore, reduced food intake behavior was observed in AR mice (data not shown). The hair of mice in the AR group were disordered with a lack of luster. Similarly, no significant differences were observed for weight gain in the control + H 2 group compared with the AR + H 2 group, and the control + He group compared with the AR + He group (Table III) . Hydrogen inhalation increased the bodyweight in AR mice by 0.36±0.12 g (Table III) . Although no statistically significant difference in weight gain was identified compared with the control + H 2 group (-0.10±0.30 g; P=0.293), AR mice with H 2 exposure appeared more active. He inhalation did not improve the weight loss in AR mice (-0.38±0.14 g) compared with the control group (0.57±0.17 g; Table III ).
The weight gain in the control + H 2 group (-0.46±0.15 g) was significantly lower compared with the control group (0.57±0.17 g; P=0.001). Mice in the control + He group exhibited a 0.18±0.14 g weight gain which was not significantly different compared with the weight gain in the control group (P=0.161; Table IV ). Mice in the AR + H 2 group exhibited a 0.60±0.21 g weight gain, which was significantly higher compared with the weight gain in the AR group (0.23±0.24 g; P=0.008). He inhalation did not improve the weight gain in mouse models of AR. These results indicated that H 2 inhalation can restrain weight increase in healthy mice and reverse weight loss induced by AR.
Discussion
H 2 is a medical gas with antioxidative, anti-inflammatory and antiapoptotic properties (6, 8, 16, 20) . Previous studies have indicated that a low concentration of H 2 can be used in a number of diseases (9, (11) (12) (13) (14) 20) . Both inhalation of low-concentration H 2 (1-4%) and administration of H 2 -rich saline are effective treatment methods (18, 21, 22) . Water electrolysis is a feasible and convenient H 2 source for large-scale clinical use. In the current study, the concentration of H 2 produced by electrolyzing water was markedly higher compared with the concentration used in previous studies (11) (12) (13) (14) (15) (16) (17) . No mice succumbed during the observation period, thus the present study demonstrated that a high concentration of H 2 can safely and efficiently ameliorate OVA-induced nasal allergy symptoms in a mouse model of AR.
Oxidant/antioxidant imbalance serves an important role in airway inflammation (23, 24) . Oxidative stress and ROS contribute to allergic inflammation (6) (7) (8) . Inflammatory cells, including eosinophils, neutrophils and lymphocytes from the airway/blood, have been demonstrated to produce oxidants in response to various stimuli (23, 25) . Oxidative stress and ROS can disrupt the integrity and function of epithelial cilia and alter the expression of adhesion molecules, resulting in an osmotic increase in mucosa and mucus production (8) . Eosinophils and mast cells are the main effector cell populations of allergic airway inflammation. Antigen challenge improves the release of ROS from eosinophils in the airway and blood of patients with asthma (26, 27) . H 2 -rich saline can suppress active eosinophils by decreasing serum levels of eosinophil cationic protein in AR (8) . In the current study, inhalation of high concentrations of H 2 (40%) decreased the infiltration of the mucosa and submucosa by inflammatory cells including eosinophils and lymphocytes, and the damaged and discontinuous ciliated epithelium was effectively protected by treatment with H 2 . Zhang et al (17) demonstrated that inhalation of 67% H 2 markedly improved the lung function and protected the airway inflammation in an asthmatic murine model. In their experimental settings, the concentrations of inhaled O 2 was 33% (17). In the present study, the concentration of oxygen inhaled by mice was 21%, the same as that in the ambient atmosphere. This method excluded the effect of high concentration oxygen on mice. The current data revealed that a high concentration of H 2 from water electrolysis may exhibit a therapeutic effect on AR.
The immune dysfunction resulting from the Th1/Th2 response imbalance is a major cause of chronic allergic inflammation, including AR (18, 19) . Th2 cells and Th2 cytokines serve an important role in the pathophysiology of AR (28, 29) , and the allergic symptoms can be controlled by inhibiting Th2 responses. Th2 cytokines, including IL-5 and IL-13, are involved in multiple steps in the lifecycle of eosinophils (18) . IL-5 promotes the differentiation and maturation of eosinophil progenitors, stimulates cell migration, induces cytokine synthesis and degranulation, enhances production of oxygen radicals and leukotrienes, and promotes and prolongs the survival of eosinophils (30) . IL-13 serves a role in airway hypersensitivity and mucus hypersecretion (18) . It acts on B cells to produce IgE by activating eosinophils and basophils (18) . The current study indicated that the levels of IL-5 and -13 were significantly decreased in the serum of the AR + H 2 group compared with the AR group. These results are consistent with previous research (17, 18) and reveal that high concentrations of inhaled H 2 could markedly decrease the levels of Th2 cytokines and inhibit Th2 responses in allergic diseases. IFN-γ is one of the major Th1 cytokines, which promotes the differentiation of Th0 cells to Th1 and inhibits the generation of Th2 cells by inducing T-bet expression (31). In our previous study, a decreased level of IFN-γ was observed in the nasal cavity lavage fluid from AR mice (31) . In the present study, the level of IFN-γ in serum was slightly decreased in the AR group mice compared with the control group. However, H 2 inhalation reversed the decreased level of IFN-γ in the AR + H 2 group. Although H 2 inhalation had no statistically significant influence on IFN-γ expression, the significantly decreased levels of IL-5 and -13 and slightly increased IFN-γ levels indicated that H 2 may serve a role in the regulation of the Th1/Th2 immune responses. MCP-1 is a small cytokine primarily secreted by monocytes, macrophages and dendritic cells. MCP-1 recruits monocytes, T cells and dendritic cells to the sites of inflammation resulting from tissue injury, antigens or infection. H 2 inhalation was demonstrated to significantly reverse the increased MCP-1 expression level in AR mice, reducing the inflammation in the later stage of AR.
Previous results concerning the effects of allergic inflammation on body weight are inconsistent. Loerbroks et al (32) reported that the prevalence of asthma among obese women was almost twice as high as among normal weight women, and a causal relationship between asthma and incident weight gain cannot be excluded. In an animal model study, Hong et al (33) observed that normal group mice exhibited increased weight compared with AR mice. The current study indicated that food intake was decreased and that weight increase was lower in AR group mice. However, H 2 inhalation differentially regulated the body weight in different groups of mice. For normal mice, H 2 inhalation inhibited the weight gain. In AR mice, H 2 inhalation promoted weight increase.
There are certain limitations in the current study. The study only presented results for certain cytokines which expression levels between groups were statistically significantly different. Oxidative stress serves an important role in the pathogenesis of allergic diseases and H 2 can selectively reduce the levels of ROS (9, 12, 13, 17) . H 2 can significantly increase the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) in epithelial cells and Nrf2 is the key molecule of antioxidative stress of hydrogen (34, 35) . Therefore, future studies are required to determine the effects of H 2 on the Nrf2 signaling pathway in the nasal epithelial cells of AR.
In conclusion, H 2 inhalation at a high concentration may improve nasal allergic symptoms, reduce inflammatory cell infiltration in nasal mucosa, and regulate Th1/Th2 responses. The inhibitory effect of H 2 inhalation on nasal allergic symptoms over a long period is more effective than that over a short period. At an equal inspiratory volume, multiple inhalation events result in greater improvements compared with single inhalation events. In addition, treatment with H 2 exhibited a beneficial effect on mouse health through selective weight control. The present study indicated that H 2 may have a therapeutic value for allergic diseases.
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